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PROJECT STATEMENT

Objectives
¢ Obtain fundamental rheological data on microstructural evolution

» Design experiments to obtain information of direct applicability to both the
modeling studies at WPI and to the planned experiments for industrial type
forming applications

e Determine the effects of semi-solid “slurry” structure on flow at the high shear
rates representative of actual forming processes.

¢ Develop new methods of forming structures for SSF

Strategy

. Current descriptions of the flow behavior of semi-solid materials are for highly
idealized conditions, which are not encountered in industrial forming
processes. This project examines the high shear rate, transient flow behavior
of both rheocast and thixocast alloys.




e Two complementary approaches are being employed to examine the flow
behavior of semi-solid metals under experimental conditions that are closer to
those found in industrial practice. In the first approach, a “drop forge”
viscometer is being employed to examine the flow behavior under very rapid
compression rates of A357, A356 diluted with pure Al, and Al-4.5Cu alloys. The
A357 alloys under investigation are of commercial origin (MHD and SIMA
processes) and the rheocast modified A356 and Al-4.5Cu alloys are produced
by a process developed at MIT. In the second approach, a modified parallel-
plate rheometer was used to measure viscosities of commercial A357 slurries.
The actual slurries were produced by rapid reheating of MHD material in the
rheometer. The combined approaches allow transient rheological
measurements to be carried out over a broad range of solid content and under
conditions closer to those of actual forming processes.

¢ In an added activity, the mechanism of formation of structures suitable for
semi-solid forming is being investigated, with the aim of determining improved
methods of producing these structures.

ACHIEVEMENTS THIS QUARTER

Drop Forge Viscometer

Viscosity calculations of rheocast, modified A356 was conducted up to volume
fraction solid of 0.67. A357 MHD material was examined for comparison with
SIMA material. Slow compression studies were carried out with the DFV on
A357 SIMA, and segregation was observed in the compressed samples.

Parallel-Plate Rheometer
Work completed in January 2001

Formation of SSM Structures

Non-dendritic A356 Aluminum alloy was produced by a new approach (New
MIT Process): processing with rapid cooling and vigorous agitation during only
the first few degrees of solidification. Experiments were conducted to test how
much solid must form during processing to create the non-dendritic structure.
Other experiments tested the required intensity of liquid flow to achieve these
structures.

CHANGES IN PROJECT STATEMENTS

None



OPERATIONAL SCHE

WORK PLANNED FOR NEXT QUARTER

Drop Forge Viscometer
The segregation phenomenon will be examined, along with the continuation of
modeling work to verify existing flow models.

Structure Formation (New MIT Process)

Design and build highly instrumented equipment to further characterize the
solidification conditions that lead to non-dendritic structure. Begin heat and
fluid flow modeling to aide experimental work in determining required
solidification conditions.

™)

June July 2001 | Aug. 2001 Sept.
2001 . 2001

Experimentally
examine segregation

pnenomenon
uompete mod "ng
work and wrap up

bt o Lo
study

FORMATION OF SSM STRUCTURES |

Design and build

highly instrumented
antiinmant far fiirthar
cqu:yluclu VI I UGt

tests

Model heat and fluid
flow to understand

required conditions |




MICROSTRUCTURAL EVOLUTION IN SEMI-SOLID ALLOYS

M. C. Flemings, J. Yurko, and R. Martinez
Dept. of Materials Science and Engineering
Massachusetts Institute of Technology

Summary

James Yurko is completing his doctoral thesis this month, on rapid transient
measurement of rheology of semi-solid alloys, using his newly developed Drop
Forge Viscometer (“DFV”). Raoul Martinez is completing his master’s degree on
his newly developed approach to producing semi-solid alloys of the desired non- -
dendritic structure (the “New MIT Process”). The following summary report of MIT
activities comprises the Abstract and Conclusions of those two theses.

Rapid Transient Measurement of Rheoiogical Behavior of Semi Solid
Aluminum Alloys (J. Yurko)

Abstract

The rheological behavior and microstructure of semi-solid aluminum alloys were
studied using a novel apparatus, the Drop Forge Viscometer (DFV). The
viscometer determines force from the curvature of displacement data allowing
calculations of viscosities at shear rates in excess of 10° s™. Alternatively, the
DFV can be operated like a conventional parallel-plate compression viscometer,
attaining shear rates as low as 10° s™. Durations of an experiment range
between approximately 5 ms and 24 hours.

Most rapid compression tests had periods of first rapidly increasing shear rate
followed by rapidly decreasing shear rate. Viscosity during the increasing shear
rate period decreased by 1-2 orders of magnitude. The viscosity during the
decreasing shear rate was an order of magnitude larger than another that had
achieved a 75% greater maximum shear rate.

The DFV was used to calculate viscosity as a function of shear rate for Al-Si and
Al-Cu alloys that were rheocast with the commercial SIMA and MHD processes, -
as well as the recently developed MIT method. Experiments were conducted
between fractions solid of 0.44 and 0.67. Viscosity of A357 produced by the
three processing routes all had similar viscosities, ranging from 300 Pa.s at 120
s t02.2 Pa.s at 1500 s™. The final height of compressed Al-Cu was always
greater than Al-Si for a given set of experimental conditions.



Segregation was not observed in rapid compression experiments of less than 10
ms, either visually or with EDS characterization. At low compression velocities,
segregation was observed and increased with the amount of strain.

Conclusions

1. A novel apparatus, the Drop Forge Viscometer (DFV) was designed and
constructed based on the parallel-plate compression viscometer. The viscometer
permits calculating force from the second derivative of the displacement data
allowing calculations of viscosities at shear rates in excess of 10_s™. Total
duration of a test can be less than 10 ms. Alternatively, the DFV can be
operatSed 1as. a conventional parallel-plate viscometer, attaining shear rates as low
as 107 s™.

2. A unique feature of the DFV is that a typical experiment yields
“instantaneous, volume-averaged viscosity first under rapidly increasing shear
rate and then under rapidly decreasing shear rate.

3. The apparatus was used to determine the viscosity as a function of shear
rate and fraction solid for alloys of non-dendritic structure produced by three
means, known as the SIMA, MHD, and MIT processes. The viscosity of the MIT
material was similar to alloys produced by the commercial SIMA and MHD
processes.

4. Most compression tests in this work (all of the rapid compression tests)
were completed within about 6 ms. During the increased shear rate portion of a
typical test (lasting about 4 ms), the viscosity dropped by 1-2 orders of
magnitude. Viscosity during the decreasing shear rate period decreased with
increasing maximum increasing shear rate. For example, in two SIMA alloys of
about 0.48 volume fraction solid (gs), the viscosity calculated at 100 s™' was an
order of magnitude greater than a sample that achieved a 75% higher shear rate.

5. Viscosity versus increasing shear rate of the Al-Si alloys at 0.48 gs
produced by the three different process routes all showed roughly the same
viscosity a}s a function of shear rate, ranging from 300 Pa.s at 120 s™ t0 2.2 Pas
at 1500 s™'.

6. Viscosity as a function of increasing shear rate of the Al-4.5wt%Cu alloy
was larger than an Al-Si alloy for a fraction solid of about 0.48, but the viscosity
was about the same as an Al-Si alloy at 0.56 gs. The final compressed height of
the Al-Cu was always greater than an Al-Si alloy for similar experimental
conditions.

7. Visual examination of cross sections did not show separation of liquid and
solid phases in any of the rapidly compressed samples in the shear rate range of
10to 1500 s™'. Segregation was not detected by either quantitative



metallography or chemical composition variations in an A357 SIMA sample that
had been compressed at a fraction solid of 0.48 and at shear rates ranging
between 15 and 750 s™'. However, when the DFV was used as a conventional
parallel-plate viscometer to achieve very low shear rates, there was a fraction
solid difference from center to edge of 0.20 (calculated from variation in chemlcal
composition) after compression for 15 minutes in the shear rate range of 10 to
10“1 . A sample that was compressed for four hours at shear rates of 102 to
10° s'1 had a fraction solid of approximately zero at the edge and 0.70 in the
center. Segregation appears to increase with increasing strain in the low shear
rate experiments

8. The maximum fraction solid that was compressed with the DFV at high and
low compression velocity was 0.67 and 0.70, respectively.

9. The DFV is a useful process control tool for comparing the relative
compression behavior of semi-solid alloys in the two-phase temperatur
Differences between samples are reflected in the final shape and thickn

compressed samples, and also in the displacement data.
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Abstract

A crucial aspect for the commercial use of semisolid forming technology is
the economical production of alloys with non-dendritic microstructure. There are
currently available a variety of processing routes to obtain these special
structures, but each has disadvantages. Attempts are being made to find other
simple and effective methods to create non-dendritic material to be used in
semisolid forming

tion fcooung with vngorous agitation during

the solidification of an alloy serves to spheroidize the prlmary soiid pammes
Several processes apply this combination to create non-dendritic microstructure.
What has b een unknown up to this pomt is how much cooiing and agitation is

required. itis aiso |arge|y unknown during what portion of the solidification range
does processing induce structural changes. The answer to these questions may
be critical to the recognition' of new processing methods. In this work it is
suggesxea that processmg durmg the very beginning of solidification is most
significant for creating non-dendritic structures. A new approach was developed

to test this hypothesis.




A rotating copper rod was immersed in a molten aluminum alloy, held just
above the liquidus temperature. The rod quickly lowered the temperature of the
melt just below the liquidus temperature, and simultaneously stirred the alloy. By
removing the rod when the melt temperature had dropped just a few degrees
below the liquidus, the combination of stirring and rapid cooling was applied
when only small amounts of solid had formed. Results show that good non-
dendritic structures can be created by processing in this manner when as little
as 1 vol% solid had solidified. No significant microstructural differences were
observed when the alloy was stirred by the rod beyond this point in the
solidification range. It was determined that all of the rotational speeds used in
- the experiments induced turbulent liquid flow. The degree of turbulence was not
found to significantly affect the microstructures produced.

The following is a brief summary of the conclusions that have been drawn
from this work. It has been well documented that providing rapid cooling and
vigorous agitation during the initial stages of alloy solidification can create non-
dendritic structures. This processing route is a powerful new way to efficiently
create semisolid material free of entrapped eutectic. Processing during the
solidification of the first 1 vol% solid is most critical in the development of the
non-dendritic structure. When the fluid flow during processing is turbulent, the
solidified alloy has a non-dendritic structure. Over the range investigated, the
rotational speed of the rod was not found to have a significant effect on the
sphericity of the primary particles.

Conclusions

A. Process Develogment
1. A new processing approach for the formation of non-dendritic structures has

been developed. The technique involves immersing a rotating copper rod,
initially at room temperature, into an A356 melt held just above its liquidus
temperature. The rod rapidly cools the alloy below its liquidus to initiate
solidification while vigorously stirring the melt. The rod remains in the melt
for short periods, just long enough to cool the melt a few degrees below the
liquidus temperature. :

1. The processing technique used can create semisolid slurries directly from
the liquid alloy in a simple and efficient manner.

1. The non-dendritic structures created by this technique have demonstrated a
semisolid flow behavior comparable to that of commercially available SIMA
material.

1. The material produced by this method is.essentially free of entrapped
eutectic. This may be a significant advantage when using the material in
semisolid forming operations.



2. Although most of the material produced bv the new
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DEVELOPMENT OF ALTERNATE SEMI-SOLID ALUMINUM ALLOYS

Report PR-01-#1
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Qingyue Pan (508) 831 5790 gypan@wpi.edu
Diran Apeiian (508) 831 5992 dapelian@wpi.edu
Focus Group: Tom Caidwell (Madson-Kipp)
Babu DasGupta (SPX)
Scott Kangas (Buhler)
Tom Prucha (Intermet)
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Per Arne Tondel (Elkem)
Diane Zekind (Hayes Lemmerz)

* Modei thermodynamic phase equilibria for alternate alloy systems, such as
aluminume-silicon-magnesium, aluminum-magnesium, and aluminum-copper.

* Model solidification behavior and determine key characteristics.
* Use the information on solidification behavior to tailor and develop allovs that are

better suited for SSM processing.

Strateay

* Use Thermocalc and Dictra thermodynamic modeling packages together with an
aluminum alloy database to determine phase equilibria for SSM alloys
i i ” ~ P oY e L Y=Y, K PN P
* Identify key characteristics of the alloy that can be determined from model
i nAirs Al Aava st ol adime af o P Y a Y TN
* ldentify desired characteristics of an ideal SSM alloy
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* Use thermodynamic model to develop alloy with ideal characteristics.

* Carry out tests on new alloys to provide feedback and validate results.

ACHIEVEMENTS THIS QUARTER

* Solid fraction and solid fraction variation as a function of processing temperature
has been simulated for 500 series of alloys over the composition range of
1~10wt% magnesium and 0.05~3wt% of silicon.

* Aregion in the composition range where there is a peak of solid fraction variation
has been identified. The peak value increases with increasing silicon
concentration and decreasing magnesium concentration.

* Samples have been prepared for measurements of composition distribution

using electron microprobe analysis in order to validate the thermodynamic
simulations.

CHANGES IN PROJECT STATEMENTS

None

WORK PLANNED FOR NEXT QUARTER

* Carry out industrial and/or experimental validation of new SSM alloys.

OPERATIONAL SCHEDULE

Aug-01

Identify
Alternate Al-

Mg Alloys
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Validation
Studies
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Development of Alternate SSM Alloys
]

Q. Han and S. Viswanathan
Metals and Ceramics Division
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o Solid fractions and solid fraction variations as a
function of processing temperatures.
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Thermodynamic Predictions of Solute Distribution
in 357 Alloy Have Been Validated

o JEOL 773 Electron microprobe was
used to measure solute distribution
across grains in SSM Billet.

o The distance across a grain was
converted into solid fraction, a non-
dimensional parameter. The solid

e Measurements of silicon

concentration are higher than
predictions.
* Itis unlikely that grains
were sectioned at the center.
¢ The minimum values of the
measurement fit the predictions.
e Back diffusion is not included
in the model.

¢ The exact ingot composition is
~ not known.
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Solid fraction variation for Al-Mg (500 series) alloys as a
function of processing temperature has been calculated.

Al-Mg alloys appear to have good potential for semi-solid
processing.

It appears t
fractions gre




Both the Solid Fraction and the Solid Fraction
Variation with Temperature Affect SSM Processing

Temperature (°C)
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Note

A small solid
fraction
variation
indicates a large
processing
window at that
temperature.

The Solid Fraction Curve of Al-Mg Alloys
Is Very leferent Compared to Al-Si Alloy
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Al-4%Mg-(0.5~2) %Si Alloys Appear
to Have Potential for SSM Processmg

o When the silicon concentration
is low, the solid fraction

variation decreases with AL4AM-xSi, AT=10°C
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Al-8%Mg-(0.5~3) %Si Alloys Can Be
Processed at f, > = 0.6

Al-8Mg-xSi, AT =10°C
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Al-10%Mg-(0.5~3) %Si Alloys Can Be
Processed atf,>=0.5
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High Peak Values Occur around
590°C When Si=2 wt %

e The peak in solid fraction o "
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Al-Mg Alloys Can be Processed at
Low Si or High Solid Fraction

1

o Solid fraction and solid fraction variation as a function of
processing temperature over the whole composition range
of Al-Mg alloys have been computed.

o The alloys can be processed at high solid fractions. Alloys

with Si < 0.5% can be processed at a wide range of solid
fractions.

e A peak in solid fraction variation has been identified for
each composition when Si > 0.5%. The peak occurs around
560~590°C depending on the alloy composition.

o The processing temperature of 500 series alloys should be

determined such that the peak in solid fraction variation is
avoided.

Future Work

e Validation of low silicon 357 alloys.
* Test of low silicon (5.5~6.5%) 357 alloys for less liquid
drip and improved process consistency.
o Dilatometry tests of 357 SSM alloys and squeeze
cast alloys.

e Compate dynamic behavior of these two alloys during
T4 and T5.

* Thermodynamic and kinetic modeling if necessary.
e Suggestions for SSM 500 series alloys.
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